Evidence regarding visually guided limb movements suggests that the motor system learns and maintains neural maps between motor commands and sensory feedback [1-3]. Such systems are hypothesized to be used in a feed-forward control strategy that permits precision and stability without the delays of direct feedback control [4] . Human vocalizations involve precise control over vocal and respiratory muscles. However, little is known about the sensorimotor representations underlying speech production. Here, we manipulated the heard fundamental frequency of the voice during speech to demonstrate learning of auditory-motor maps. Mandarin speakers repeatedly produced words with specific pitch patterns (tone categories). On each successive utterance, the frequency of their auditory feedback was increased by 1/100 of a semitone until they heard their feedback one full semitone above their true pitch. Subjects automatically compensated for these changes by lowering their vocal pitch. When feedback was unexpectedly returned to normal, speakers significantly increased the pitch of their productions beyond their initial baseline frequency. This adaptation was found to generalize to the production of another tone category. However, results indicate that a more robust adaptation was produced for the tone that was spoken during feedback alteration. The immediate aftereffects suggest a global remapping of the auditory-motor relationship after an extremely brief training period. However, this learning does not represent a complete transformation of the mapping; rather, it is in part target dependent.
to predict movement outcome and provide internal feedback to the planning and control systems. These internal feedback loops effectively avoid the delays associated with sole reliance on peripheral feedback [4] . One of the fundamental questions concerning internal models is the degree to which learning extends beyond the specific training conditions. When visual or force feedback is perturbed during arm movement, the motor system quickly learns to adjust, and this learning generalizes to other visuospatial [1, 2, 8] and force conditions [9, 11] .
In this study, we applied a novel extension of this feedback-perturbation paradigm to speech motor control. Specifically, we manipulated the heard fundamental frequency of the voice during speech to demonstrate the learning of new auditory-motor relationships in Mandarin speakers. Mandarin is a tone language in which the meaning of a word is dependent on the pitch of the utterance. There are four primary tones associated with each monosyllabic morpheme; these tones in Mandarin represent pitch targets achieved by individual speakers [13] . In the experiment, subjects were asked to produce two of the four standard Mandarin tones, tone 1 and tone 2. Figure 1 shows the pitch contours typically observed when a Mandarin speaker produces the word 'ma' inflected with these two tones.
The Queen's University Ethics Committee approved all experimental procedures, and the subjects gave informed consent before participating. The subjects (nine women) participated in two experimental sessions that took place on different days in order to reduce the possibility of vocal fatigue. Sessions took place in a doublewalled soundproof booth. Subjects were seated in front of a computer monitor and pronounced the word 'ma' (depicted with traditional Chinese script) presented on the screen. Subjects pressed a mouse button to initiate successive trials. They were instructed to produce the word as similarly as possible on each trial but were not informed that their feedback would be manipulated in any way.
Each of the sessions consisted of three distinct phases (see Figure 2) . These phases occurred without notice or interruption for the subjects. In the first phase of one session, subjects produced 10 productions of tone 1 while receiving normal auditory feedback through earphones. The mean pitch value for these initial utterances was taken as the subjects' baseline pitch for the session. This "baseline" phase was followed immediately by the "training" phase, in which subjects produced tone 1 120 times. The pitch of the subjects' auditory feedback in this phase was increased by 1/100 of a semitone for each successive utterance until the feedback received was one semitone above the subjects' true vocal pitch. This increase was followed by 20 trials in which the one-semitone difference was maintained. After the training phase, subjects produced 20 more utterances while receiving normal auditory feedback in a "test" phase. Any differences observed The different tone contours specify the meaning of the morpheme. For example, "ma" means "mother" when produced as tone 1 and "hemp" when produced as tone 2. Note that the tones will vary in absolute pitch because of individual pitch production ranges and coarticulatory constraints.
between the mean pitch values for the "baseline" and "test" phases were indications of an aftereffect caused by exposure to the altered auditory feedback.
To test whether adaptation to one tone generalized to productions of another tone category, we had the same speakers participate in a second session. In this session, the "training" phase also involved the speakers producing tone 1 while receiving auditory feedback that gradually increased in frequency. However, during the "baseline" phase speakers produced the word 'ma' as tone 2. Speakers were again asked to produce tone 2 during the "test" phase when feedback was returned to normal. To test for aftereffects, the mean pitch values for tone 2 utterances produced during this "test" phase were compared to the tone 2 utterances produced in the "baseline" phase.
All utterances were recorded with a headset micro- The first ten trials were used to acclimate the subject to the task as well as to measure the speakers' normal baseline fundamental frequency for production of the tones. During the training phase, speakers heard their fundamental frequency shifted up 1/100 of semitone on each trial until, after 100 trials, they heard their voice one full semitone above the fundamental frequency they were actually producing. They heard their voice shifted one semitone for a total of 20 trials before they finally heard an unaltered version of their productions during the test phase. Figure 3 shows the average pitch values of the final five productions of tone 1 in the baseline and training phases as well as the average pitch values of the first five productions of tone 1 made in the test phase. Because tone 2 is dynamic, in that it starts low and ends at a higher frequency, we used the average maximum pitch value as our measure (see Figure 3 ). An ANOVA revealed no significant difference between tone 1 and tone 2 during the three phases of the experiment (F < 1). However, as one can see in the figure, there was a . In addition to these compensations, aftereffects resulted from exposure to the altered auditory feedback. The average frequency of both tone 1 and tone 2 productions was higher after the feedback that speakers received unexpectedly returned to normal (test phase) in comparison to the average observed during the baseline phase (Student-Newman-Keuls test; p < .01; see Figure 3 ). The aftereffect observed for tone 1 replicates our previous work [16, 18] ; this study clearly demonstrates that this adaptation generalizes to another, untrained tone. However, the durability of the aftereffects differed across tone 1 and tone 2. When we compared the fundamental frequency for the entire test phase, we found that the effect persisted when speakers were asked to produce tone 1 for the 20 utterances we recorded immediately after training, but the pitch of tone 2 productions decreased over this same time period toward the subjects' normal baseline frequency (see Figure  4) Our results suggest that the nervous system uses internal models when planning and controlling the pitch of the voice. Vocal fundamental frequency is a complex motor output determined jointly by the air pressure below the vocal folds, activation level in a network of intrinsic and extrinsic laryngeal muscles, and biomechanical forces that occur in the laryngeal tissue as a result of postural and articulatory adjustments throughout the head and neck area [19] . The active motor control of vocal pitch must accommodate these many influences, and part of this control involves a systematic mapping between produced vocal pitch and the laryngeal motor system. The learning demonstrated in our study indicates that this mapping is calibrated continuously through auditory feedback. The immediate aftereffects shown for the two Mandarin tones suggest a global remapping of vocal pitch space during the training period. The adaptation observed for the trained tone was extremely robust and, surprisingly, lasted for the duration of the test phase. Future work should address the persistence of these adaptations to acoustic-motor mismatches. Studies investigating the control of arm movements suggest that this type of learning may survive months without intervening exposure [20] . On the other hand, the differential rate of decay of the tone 1 and 2 aftereffects indicates that the learning is not a complete transformation of the mapping but is in part more local and target dependent. A similar blend of local and global adaptation has been observed in other sensorimotor learning paradigms. In studies in which subjects are trained to produce arm movements while in a novel dynamic environment, motor learning generalizes to movements scaled temporally or spatially [7] . However, when the perturbations involve spatial translations or rotations, generalization decays as the distance from the original training position increases [1, 11] .
We know surprisingly little about the neural mechanisms involved in sensorimotor control of speech. Cer-tainly, the speech motor-control system in children must somehow adapt to gradual changes in the shape and size of their vocal tract due to growth. Adults too experience changes in their vocal tract (loss of teeth, wearing dental appliances). Speakers must modify their previously learned articulatory-acoustic relationships in order to produce perceptually adequate speech sounds. Several recent neurophysiological studies on fish [21] , bats [22] , songbirds [23] , and monkeys [24] [25] [26] The mixed pattern of generalization we observed reflects the multidimensional nature of the sensorimotor learning problem and the structure of the underlying internal models being used to solve this problem [7] . In the case of tone production, the nervous system must balance the continuous demands of motor control with the constraints of discrete linguistic "targets." Our results imply that separate representations are responsible for the production of individual tone categories and that the apparent global generalization might be accounted for by locally weighted learning of these tone targets [35]. 
